(1) and Sander (2) raised the possibility that nitrosamines are formed from nitrite and secondary amines under the acidic conditions of the stomach and that this reaction is a significant source of carcinogens for man. As an experimental model for this hypothesis, chronic feeding of sodium nitrite together with morpholine or N-methylbenzylamine induced various tumors in the rat (3, 4). More recently, we reported that lung adenomas were induced in Swiss mice chronically fed nitrite plus morpholine, piperazine, or N-methylaniline, but not dimethylamine (5). This sensitive test system (6) was also used to estimate the extent to which each amine was nitrosated in vivo (5).
DRUCKREY et at. (1) and Sander (2) raised the possibility that nitrosamines are formed from nitrite and secondary amines under the acidic conditions of the stomach and that this reaction is a significant source of carcinogens for man. As an experimental model for this hypothesis, chronic feeding of sodium nitrite together with morpholine or N-methylbenzylamine induced various tumors in the rat (3, 4) . More recently, we reported that lung adenomas were induced in Swiss mice chronically fed nitrite plus morpholine, piperazine, or N-methylaniline, but not dimethylamine (5). This sensitive test system (6) was also used to estimate the extent to which each amine was nitrosated in vivo (5).
In extension of the hypothesis of Druckrey et at.
and Sander, the carcinogenic nitrosamides, e.g., methylnitrosourea and ethylnitrosourea, could be formed in the stomach by nitrosation of the corresponding alkylureas. These nitrosations proceed rapidly under acidic conditions, as demonstrated by Sander et at. (7) using polarographic methods and by us (8, 9) . We investigated the kinetics of these reactions, using ultraviolet absorption of the nitrosamides to follow the reaction, and showed that the rate of methylurea nitrosation is rapid and proportional to the concentrations of methylurea, nitrous acid, and hydrogen ion (9) . Ethylurea is nitrosated at 30% of the rate for methylurea. During digestion, the contents of the glandular portion of the rat and mouse stomach are at pH 1.9-4.0 (our observations). The chemical results indicated that tumors might be induced by feeding alkylureas and nitrite to mice and rats.
Supporting this suggestion, Sander and Burkel (10, 11) induced various tumors in rats by feeding nitrite together with N,N'-dimethylurea, methylurea, ethylurea, or 2-imidazolidone (a cyclic urea), and I vankovic and Preussmann (12) observed neurogenic tumors in the offspring of female rats fed nitrite and ethylurea during pregnancy. Also, 14C-Iabeled 7-methylguanine was detected in tissue nucleic acids of rats fed nitrite and 14C-labeled methylurea, presumably due to methylation by 14C-methylnitrosourea (13) . In the present paper, we report the effect in Swiss mice of the chronic feeding of nitrite together with methylurea or ethylurea.
MATERIALS AND METHODS
Methylurea (mp 99-l0l 0 C) and ethylurea (mp 93-94°C ) were obtained from Eastman Organic Chemicals, Rochester, New York, and sodium nitrite (analytical grade) from J. T. Baker Chemical Company, Phillipsburg, New Jersey.
The experiment was carried out as in the previous study (5) and was begun 3 months later. Noninbred Swiss mice, 6-11 weeks old at the beginning of the experiment, were fed the alkylureas continuously in powdered food, at levels of 5.36 g (725 mmoles) methylurea and 6.36 g (72.5 mmoles) ethylurea/kg food, i.e., the same molar dose as used in (5) for most of the amines. Half the mice also received a solution of sodium nitrite [1.0 g/liter distilled water as in (5)] as drinking water for 5 days/week. All groups were treated for 28 weeks, maintained without treatment for another 12 weeks, and then killed. The mean body weight for each group was 27-28 g (males) and 22-24 g (females) at the beginning of treatment and 36-38 g (males) and 28-32 g (females) at the end of the 6-month treatment. The results for the groups receiving food plus tap water without additives and food plus distilled water containing sodium nitrite are taken from our previous study (5).
Lung adenomas >0.5 mm in diameter were counted at autopsy, and mice with 10 or more lung adenomas were recorded as 10. All animals showing tumors, and some others, were examined histologically. Since many of the 14 mice with malignant lymphoma had pulmonary nodules due to lung metastases, it was difficult to count the adenomas; therefore, all mice with malignant lymphoma were excluded from the lung tumor statistics. In all other cases, except adenocarcinomas, microscopic examination confirmed the diagnosis of lung adenoma.
RESULTS
Compared with untreated controls, the mIce treated with only methylurea or ethylurea in the food or with only sodium nitrite in the drinking water had no increase in the number of lung adenomas (table 1) . The small increase in mean adenomas/mouse in the ethylurea group was not meaningful, since this increase was due to a single mouse with 8 adenomas. However, mice fed methylurea or ethylurea in the food, plus sodium nitrite in the drinking water, had a highly significant increase in lung adenomas, expressed as percent adenoma-bearing mice or lung adenomas/-total number of mice (P<O.OOl). More than 2 lung adenomas/mouse occurred in 33 of the 57 mice treated with alkylureas plus nitrite, but in only 2 of 73 mice treated with alkylureas alone. Five lung adenocarcinomas were observed: three in the alkylurea-plus-nitrite groups and two in the groups with alkylurea alone. Since no sex difference was found in any group, the results for both sexes are combined in the table.
Malignant lymphoma occurred in 10/57 mice of the 2 alkylurea-plus-nitrite groups and in 10/144 mice in the untreated controls. This difference was statistically significant at the 5% level. Most malignant lymphomas were not confined to the thymus but involved the spleen, abdominal lymph nodes, and other viscera.
DISCUSSION
The tumor frequency in the methylurea-plusnitrite and the ethylurea-pIus-nitrite groups (4.0 and 4.3 tumors/mouse) was greater than that in the previous groups given secondary amines plus nitrite (5) (1.4--1.8 tumors/mouse). The two experiments are comparable, since the dose of nitrite and the molar dose of methylurea,ethylurea, morpholine, and piperazine were similar (but the dose was lower for the third positively reacting amine, viz., methylaniline).
Based on the nitrosation kinetics (9), we calcuiated the expected zn ViVO nitrosation In the present experiment, assuming that 1) the food slurry in the stomach was a homogeneous aqueous solution; 2) the stomach contained equal volumes of food (containing urea), water (containing nitrite), and gastric juice; 3) food and water were consumed at the same time; 4) the mixture was in the glandular portion of the stomach for 1 hour at p,H 3 and 37°C; 5) nitrite was decomposed by the stomach HCl so that the average concentration was 25% of the initial value (based on unpublished results on rats by Mirvish and Kommineni); and 6) the rate constant k 1 (9) at 37°C was twice that at 25°C. These assumptions are rather more stringent, i.e., give lower nitrosation values, than those used before (9, 14) . On this basis, 2.4% of the methylurea and 0.83% of the ethylurea were estimated to be nitrosated in VlVO • Since we unfortunately did not include groups treated with methylnitrosourea and ethylnitrosourea, we could not estimate in vivo nitrosation based on the yield of adenomas. However, we could make this estimate for the secondary amines, since groups were included in which the corresponding nitrosamines were fed. The yields calculated from recent kinetic data, with the use of the assumptions listed here, were then compared with the values estimated from tumor yield (15). The respective calculated and estimated percent nitrosation of the amine was 0 and 0% for dimethylamine, 0.26 and 0.27% for morpholine, 4.5 and 1.6% for piperazine, and 20 and 2.0% for methylaniline (where fat extraction of the nonionized amine may be responsible for the poor agreement). Thus the listed assumptions may be approximately correct, at least for some amines.
That nitrosoureas can induce multiple lung adenomas in mice is well documented for both methylnitrosourea (16, 17) and ethylnitrosourea (18) . The lack of sex difference In the present study contrasts with the findings in the previous study, in which male mice had more tumors than females. Methylurea and ethylurea without nitrite failed to induce lung adenomas, in agreement Based on the nitrosation kinetics (9), we calcuiated the expected in vivo nitrosation in the present experiment, assuming that 1) the food slurry in the stomach was a homogeneous aqueous solution; 2) the stomach contained equal volumes of food (containing urea), water (containing nitrite), and gastric juice; 3) food and water were consumed at the same time; 4) the mixture was in the glandular portion of the stomach for I hour at p,H 3 and 37°C; 5) nitrite was decomposed by the stomach HCI so that the average concentration was 25% of the initial value (based on unpublished results on rats by Mirvish and Kommineni); and 6) the rate constant k 1 (9) at 37°C was twice that at 25°C. These assumptions are rather more stringent, i.e., give lower nitrosation values, than those used before (9, 14) . On this basis, 2.4% of the methylurea and 0.83% of the ethylurea were estimated to be nitrosated in vivo .
Since we unfortunately did not include groups treated with methylnitrosourea and ethylnitrosourea, we could not estimate in vivo nitrosation based on the yield of adenomas. However, we could make this estimate for the secondary amines, since groups were included in which the corresponding nitrosamines were fed. The yields calculated from recent kinetic data, with the use of the assumptions listed here, were then compared with the values estimated from tumor yield (15). The respective calculated and estimated percent nitrosation of the amine was 0 and 0% for dimethylamine, 0.26 and 0.27% for morpholine, 4.5 and 1.6% for piperazine, and 20 and 2.0% for methylaniline (where fat extraction of the nonionized amine may be responsible for the poor agreement). Thus the listed assumptions may be approximately correct, at least for some amines.
That nitrosoureas can induce multiple lung adenomas in mice is well documented for both methylnitrosourea (16, 17) and ethylnitrosourea (18) . The lack of sex difference in the present study contrasts with the findings in the previous study, in which male mice had more tumors than females. Methylurea and ethylurea without nitrite failed to induce lung adenomas, in agreement with a previous report on ethylurea (12) . Methylurea is not teratogenic (19) .
The tendency for the alkylurea-plus-nitrite groups to have more malignant lymphomas than the alkylurea groups agrees with the known leukemogenic effect in mice of methylnitrosourea (16, 17) . Leukemogenesis in mice by ethylnitrosourea has not been reported [but see (20) ].
Despite the presence of urea in urine, methylurea and ethylurea are not known to occur in food or elsewhere i~nature. Methylurea was not detected as a urinary metabolite of methylamine in rats (21) . We recently reviewed the natural occurrence in the free 'state of 16 other ureides, i.e., urea derivatives (21) . These ureides included:
L-citrulline [found in "frenched" tobacco, watermelon, green peppers, and up to 1 gjliter in soya sauce (9)], albizin (mimosa plants), N-carbamoylputrescine (formed by plant seedlings or gut bacteria from putrescine and agmatine), N-carbamoyl-2-p-hydroxyphenylglycine (0.1 % dry weight of broad-bean leaves), hydantoin (isolated in 1898 from sugar beet), hydantoic acid (possible precursor of hydantoin), l-methylhydantoin (deteriorated whale meat), N-carbamoylaspartic acid (pyrimidine precursor), N-carbamoylglutamic acid (Krebs urea-cycle intermediate), dihydrouracil and ,B-ureidopropionic acid (uracil metabolites), dihydrothymine and ,B-ureidoisobutyric acidi(thymidine metabolites), and allantoin and allantoic acid (uric acid metabolites, widely distributed in plants) (21) (22) (23) . In general, ureides appear to arise in nature either by hydrolytic de-imidation of guanidine compounds catalyzed by bacterial e~zymes or by carbamoylation of primary amines catalyzed by transcarbamoylasesand involving carbamyl phosphate. Cyclic ureides, such as uracil; xanthine, and uric acid, do not appear to be nitrosatable (our observations), probably because the urea group forms part of a resonating ring system. Among urea derivatives used as drugs (24) are tolbutamide and tolazainide (sulfonylurea·· oral antidiabetics), sulfanilyhirea (a sulfonam'ide) , neohydrin-203 Hg (a renal clearance radiopharmaceutical), and nitrofurazone (a localantibacterial agent). Phenylureas, e.g., diuron [3(3,4-dichlorophenyl)-I,l-dimethylureaJ and monuron (the 4-chIoro analog), are widely used as herbicides.
With regard to the possible nitrosation of these ureides, we found a rate constant (k 1 ) of 43 for citrulline (9) and 2.5 for the acylurea hydantoin (if. 630 for methylurea and 180 for ethylurea, all in moles -2J2min-1 ). It may be relevant that nitrosocitrulline shows a very low acute toxicity (9) . I-Methylhydantoin should not be nitrosatable. Preliminary observations suggest that the nitrosation of allantoin does not produce a nitrosourea. The nitrosation of certain sulfonylureas, e.g., tolazamide, gives rise to nitrosamines (25) .
The dose of sodium nitrite used here (1.0 gjliter water) was 5 times higher than the maximum permissible level in nitrite-preserved meat in the United States. The concentration of the ureas (5-7 gjkg food) was several times higher than the highest recorded value for certain urefis in food, e.g., citrulline in soya sauce, but quantitative data on the ureide content of food are generally meager. We conclude tpat the consumption of nitrite together with c~rtain ureides might constitute a danger to man, if I) enough ureas and nitrite are ingested together".2) these can react to give nitrosoureas, 3) the corresponding nitrosoureas are carcinogenic, and 4) kinetic studies~how high rate constants for the nitrosation of those urea derivatives to which man is exposed. Future studies will be directed'toward the evaluation of these factors.
